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To study environmental factors controlling the growth and navigation of optic axons in the eye, grafts of retinal, optic
disc, optic tectum, and ¯oor plate tissue were transplanted into organ-cultured embryonic chick or quail eyes. The growth
of axons into and out of the graft was studied in cross sections of the cultured eyes and by DiI tracing in retinal whole
mounts. Based on the location and trajectory of axons and based on the quantity of axons that entered and exited the
grafts, several requirements for axonal navigation were established: (1) Axonal growth is restricted to an approximately
10-mm-thick layer at the vitreal surface of the retina. (2) The retinal neuroepithelium prior to axogenesis is nonpermissive
for neurite outgrowth. This nonpermissive quality is transient and recedes peripherally as the differentiation of the retina
progresses. (3) Embryonic axons are able to grow into neonatal and adult retinal grafts, demonstrating that older retina
remains permissive for axonal growth. (4) The trajectory of axons into and from retinal grafts that had been rotated in their
peripheral±central orientation showed that the retina has an inherent polarity that permits axon growth toward and away
from the optic disc, but does not allow axon growth perpendicular to this direction. This centroperipheral cue operates
locally rather than by long distance. (5) The optic disc provides an exit for the axons from the retina, but has no detectable
neurotropic activity. Finally, optic axons from the host retina readily enter grafts of their target tissue, the optic tectum,
but few axons are able to leave tectal transplants. q 1996 Academic Press, Inc.
INTRODUCTION the retina (Halfter et al., 1985). At this stage, axogenesis
is at its peak. Two days further in development, by E8,
axogenesis in the chick and quail retina comes to a halt.During early embryonic development, optic axons in the
Chemotactic substances secreted by the optic disc (Ra-embryonic retina grow with high accuracy toward the optic
mon y Cajal, 1892), extracellular channels or structural ele-disc generating a centripetal axonal pattern with the optic
ments in the presumptive optic ®ber layer (Weiss, 1934;disc as the center (Goldberg and Coulombre, 1972; Grant
Singer et al., 1979; Silver and Sidman, 1980; Krayanek andand Rubin, 1980; Halfter et al., 1985). In the chick and quail
Goldberg, 1981), and guidance of optic axons along cell sur-embryo, the ®rst postmitotic ganglion cells emerge by Em-
face components (Sperry, 1963) have all been proposed tobryonic Day (E) 2 in the central retina, approximately 200
be responsible for the navigation of optic axons. More re-mm dorsal to the optic disc (Kahn, 1973). By E2.5, the gan-
cently, an inhibitory gradient of chondroitin sulfate proteo-glion cells send out axons that navigate along the vitreal
glycans was proposed to prevent axon growth in a peripheralsurface of the retina toward the optic disc. Statistical analy-
direction, thereby providing a guidance cue to the centrallysis of the early growth direction of axons shows that their
located optic disc (Brittis et al., 1992). Despite the fact thatorientation to the optic disc is rather precise and very few
all of these hypotheses are supported by various experi-axons are lost by aberrant growth (Halfter et al., 1985). Sur-
ments, conclusive evidence for the relevance of these mech-gical interference with retinal development demonstrated
anisms in axonal guidance in vivo is not available.that the local environment in the optic ®ber layer is crucial
A classical technique to study environmental factors thatfor the directed growth of axons to the optic disc (Goldberg,
regulate axonal guidance is the transplantation of neural1977). During further development, the optic ®ber layer ex-
pands peripherally, and by E6, covers the entire surface of tissue into ectopic places. The response of axons from the
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with carbon particles. The tectum and forebrain grafts were trans-transplant to the changed environment often allows one to
planted with the pial side of the brain tissue facing the vitreousdraw conclusions as to how a particular population of axons
body of the host retina. No special attention was paid to the dorso-is guided to its target. To utilize transplantation as a means
ventral orientation of the brain grafts. An overview of the numberto study axonal path®nding in the retina I have developed
of transplantations is shown in Table 1. The operated eyes werea method for intraretinal grafting using organ-cultured
transferred into 2 ml Dulbecco's modi®ed Eagle's medium (DMEM)
chick and quail eyes (Halfter, 1993). Previous studies have plus 20% newborn calf serum and cultured for 30 hr.
shown that organ-cultured avian eyes develop during the
®rst 30 hr in vitro similar to eyes in vivo. For example, the
diameter of the cultured eyes and the surface area of the Histology
retinas increases several fold in vitro, and retinal ganglion
After 30 hr in culture, the eyes were ®xed in 4% paraformalde-cells are generated from proliferating neuroepithelial cells.
hyde/0.1% picric acid in CMF for 1 hr, rinsed in CMF, and incu-The newly generated optic axons grow toward the optic disc
bated in 25% sucrose in CMF for 4 hr. The eyes were embedded
at a growth rate of between 60 and 80 mm/hr and form an in OCT compound (Miles, Elkhart, IN) and sectioned at 25 mm in
axonal pattern that is indistinguishable from the axonal a Reichert-Jung (Nussloch, FRG) cryostat. Two monoclonal anti-
pattern generated in vivo (Halfter and Deiss, 1984, 1986). bodies (MAbs) speci®c for either chick (clone 8F3; Halfter, 1993)
Lesion and grafting experiments using cultured chick and or quail (clone QP-N, Developmental Hybridoma Bank) were used
quail eyes showed that rapid wound healing leads to a com- to identify chick or quail implants in quail or chick hosts. Optic
axons were stained with a MAb speci®c to avian neuro®lamentplete integration of the graft into the host retinal tissue
protein (clone 4H6; Halfter et al., 1994). The anti-neuro®lamentwithin 10 hr of culture and allows host axons to enter and
antibody stained optic axons but not the ganglion cell perikarya.exit the transplants (Halfter, 1993). Using this transplanta-
Mouse retinal tissue was stained with the MAb M6 (Lagenaur ettion paradigm, the growth requirements and axonal guid-
al., 1992). A MAb to laminin, which labels the vitreal basal laminaance cues in the embryonic chick and quail retina were
of the retina (clone 3H11; Halfter, 1993), and a MAb to a protein
investigated. exclusively expressed at the ventricular surface of the chick retina
(clone 4H12; Halfter, unpublished results) were used to identify the
vitreal±ventricular polarity of the graft. The staining protocol has
MATERIALS AND METHODS been previously described (Halfter, 1993). Some of the eyes were
®xed in 2.5% glutaraldehyde in CMF, embedded in EPON, semi-
thin sectioned, and stained with azure II/methylene blue accordingTransplantation and Organ-Culture of Eyes
to standard procedures.
Eyes from E2 to E4 chick or quail embryos were dissected in To trace the neurites in retinal whole mounts with DiI the eyes
Ca2/, Mg2/-free Hank's solution (CMF). The eyes consisted of the were transferred from the culture medium into CMF, and crystals
neural retina, cornea, lens, vitreous body, and a small portion of of DiI (Molecular Probes, Eugene, OR) were placed onto the trans-
periocular connective tissue adjacent to the cornea (Halfter and plants or onto the host retina. Immediately after dye application,
Deiss, 1986, Halfter, 1993). The pigment epithelium, sclera, and the retinas were dissected and mounted onto a black membrane
choroid were removed from the retina. Pieces of centrodorsal reti- ®lter (Sartorius, FRG; Halfter and Deiss, 1984), ®xed in 5% formal-
nal tissue were removed by aspiration prior to culture using glass dehyde in CMF and incubated at 407C for 2 days (Godemont et al.,
capillaries connected to a hand-driven screw-type syringe (Carri 1987). The outlines of the retina whole mounts, the transplants,
and Ebendal, 1986). In some cases, the lesions were also placed in and the axon trajectories were traced with a camera lucida. Follow-
the nasodorsal or temporodorsal part of the retina. In order to obtain ing DiI tracing and camera lucida documentation of the outline of
the standard wound size (between 200 and 400 mm) several smaller the retina, the grafts and the labeled axon pathways, the retinal
pieces of retina were removed by repeated suction with the capil- whole mounts were silver stained (Halfter et al., 1985) to demon-
lary pipet. Transplantations were performed in CMF immediately strate the overall patterning of optic axons of the specimens. The
after dissection of the eyes from the embryos and prior to culturing silver-stained axons were visualized on the black, nontransparent
of the eyes. Pieces of retinal tissue, slightly smaller in diameter membrane ®lters with re¯ected light (Grant and Rubin, 1980; Half-
than the wound, were placed into the retinal wounds. The diameter ter et al., 1985).
of the implants varied between 150 and 300 mm. The grafts were
held in place by a thin sheet of nitrocellulose that was placed over
the transplant and the adjacent host retinal tissue (Halfter, 1993). Quanti®cation of Axons Entering and Exiting the
The transplants were from the centrodorsal part of E2 to E12 chick Grafts
or quail retinas, from the centrodorsal portion of E4 or E7 optic
tecta and forebrains, and from E3 spinal cord ¯oorplate. Other DiI labeling was also used to obtain a quantitative measure of
axon growth into the graft. According to the number of retrogradelytransplants were from the dorsoperipheral E3 and E4 retina. Trans-
plants were also obtained from the dorsocentral part of E15, neona- labeled axons that entered the graft, each specimen was categorized
into one of four groups: (1) No axons entered the graft (2) between 1tal (P0±P3), and adult mouse retinas. The retinal grafts were trans-
planted with the correct vitreal±ventricular orientation, or after and 10 (few) axons entered the graft; (3) between 10 and 20 (medium
number) axons entered the graft; and (4) more than 20 (many) axons¯ipping the graft and transplanting it with inverted vitreal±ventric-
ular orientation. For the retina graft rotation experiments, the pe- entered the graft. The number of axons that exited the grafts were
also estimated. Since their number was less variable, the specimensripheral±central orientation of the transplants was marked by la-
beling the edge of the graft that faces the optic disc of the donor were classi®ed into only two groups: (1) axons exited the graft and
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TABLE 1 (2) no axons exited the graft. Since the DiI tracing reveals only a
fraction of the existing axons, axon counts do not represent abso-List of the Transplants into Organ Cultured Chick
lute neurite numbers, but rather represent a measure of the proba-and Quail Eyes
bility of axons entering or leaving a certain type of tissue graft. The
frequency of cases in the groups for a given transplant type wasDiI-labeled
No. of cross- whole taken as a measure for the permissiveness and nonpermissiveness
of the transplanted tissue. For a tissue with a possibly neurotropicsectioned eyes mounts
activity, it was assumed that in the majority of cases many axons
I. Retinal grafts would enter but not exit the grafts. For a tissue that is growth
1. Isochronic 45 25 permissive but not neurotropic, it was assumed that in most cases
Normal 25 15 many axons enter and exit the grafts. Finally, for a possible nonper-
Inverted 20 10 missive tissue, it was assumed that in the majority of cases only
2. Early and heterotopic 19 30 very few if any host axons enter the grafts.
Chick E2 7 7
Chick E3 peripheral 6 8
Chick E4 peripheral 6 7
RESULTSChick E5 into E2 host Ð 8
3. Heterochronic 50 16
Chick E10 5 10 Transplantation of Retinal Tissue into Organ-
Mouse E15 15 Ð Cultured Chick and Quail Eyes
Mouse neonatal normal 10 6
Mouse neonatal inverted 10 Ð Tissue blocks from E3 chick and quail retina, when im-
Mouse adult 10 Ð planted into E3 organ-cultured eyes, integrated into the host
4. Rotation of the graft Ð 54 retina to a continuous neuroepithelium with no physical
07 Isotopic Ð 8 gaps between the graft and the host tissues (Figs. 1a and
07 Heterotopic Ð 8
1b). The alignment of the vitreal surfaces of graft and host1807 Isotopic Ð 6
retinal tissues was consistently very good, even when the907 Isotopic Ð 32
ventricular surfaces of host and graft tissues were not wellII. Nonretinal grafts 14 56
aligned (Figs. 1b, 1c, and 1f). Anti-laminin staining showed1. E3 optic disc 7 13
2. Floorplate Ð 7 a continuous basal lamina between the host and graft tis-
3. E4 tectum Ð 6 sues (Fig. 1c). Since the grafts were of either chick or quail
4. E7 tectum 7 11 and the host of either quail or chick origin, species-speci®c
5. E4 Forebrain Ð 12 antibodies could be employed to differentiate between the
6. E7 Forebrain Ð 7 graft and host tissue in cross sections of the chimeric eyes.
Results showed that cells from the host and the graft didNote. The eyes were either sectioned and stained with an anti-
not mingle despite being directly apposed to each other (Fig.neuro®lament MAb, or the grafts were labeled with DiI and the
1d). Staining of cross sections with an anti-neuro®lamentretinas prepared as whole mounts. The transplants were orga-
nized into two main groups: (I) retinal transplants and (II) nonret- antibody showed a continuous optic ®ber layer between
inal transplants. The retinal grafts were divided into four sub- graft and host retina (Fig. 1e; n  25). The neuro®lament
groups: (1) The isochronic grafts were from the dorsocentral E3 staining also demonstrated that a considerable number of
donor retina and grafted into the dorsocentral area of an E3 host optic axons were de¯ected at the border between graft and
eye. The grafts were either transplanted with their normal vi- host retina from the optic ®ber layer to the ventricular sur-
treal-ventricular or with an inverted vitreal-ventricular orienta- face (Figs. 1e and 1f).
tion. (2) The early and E3 peripheral grafts were either from the
The trajectory of axons that entered and exited the trans-dorsocentral area of an E2 or from the dorsoperipheral E3 and
plants was visualized in retinal whole mounts after labelingE4 chick retina and were grafted into E3 chick or quail eyes.
of graft tissue with the ¯uorescent dye DiI. As shown in Fig.This group also comprised several grafts from the dorsocentral
2a, host axons entered isochronic E3 retinal grafts along theE5 chick retina transplanted into E2 chick hosts. (3) Hetero-
chronic grafts from the dorsocentral area of the E10 chick retina, entire peripheral segment. A few labeled axons also originated
or from the dorsocentral area of E15, neonatal, and adult mouse from ganglion cells proximal to the graft (arrowhead in Fig.
retinas were grafted in an E3 chick or quail host eye. The neona- 2a). These axons projected to the host optic disc, and from
tal mouse grafts were transplanted in either normal or inverted there in a direction peripheral to the graft. Axons exited at a
vitreal±ventricular orientation. (4) In this group, grafts from the small segment of the perimeter of the graft. This segment
dorsocentral area of E3 chick retinas were grafted into either the always faced the host optic disc (Figs. 2a and 2b). As listed in
dorsocentral (isotopic) or the nasodorsal/temporodorsal (hetero-
Table 2, in the majority of isochronic transplants, many hosttopic) area of E3 chick or quail hosts. The grafts were rotated
axons were able to enter the grafts. Likewise, in almost allby 07, 1807, and 907 relative to the optic disc. The nonretinal
cases, axons were able to exit the graft into the host.transplant group comprised grafts from the E3 retinal optic disc,
The axons exiting a retinal graft could have originatedthe E3 spinal cord ¯oorplate, the E4 and E7 centrodorsal tectum
opticum, and the E4 centrodorsal forebrain. exclusively from the transplant or could have originated
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FIG. 1. Cross sections of E3 organ-cultured eyes with E3 retinal transplants (T) after 30 hr in culture. A semithin, azure II/methylene
blue stained cross section through a cultured chick eye with a retinal transplant shows the continuity of host and graft tissues at low (a)
and high magni®cations (b). A cryostat section through another eye stained with a MAb to laminin shows a continuous basal lamina
between the host and graft tissues and the excellent alignment of the vitreal surfaces of both tissues (c). When chick retina was grafted
into a quail host, the graft could be detected with a MAb speci®c for chick cells (d). A MAb to neuro®lament shows the continuity of
the optic ®ber layer between host and graft retina, suggesting that host axons grew into the graft (e). A number of axons, however, were
de¯ected from the optic ®ber layer to the ventricular surface between graft and host tissue. The borders between host and transplant
tissues are indicated by the arrowheads. L, lens; R, host retina. Bar: (a, d, e) 200 mm; (b, c, f) 100 mm.
from the host retinal tissue distal to the graft. The existence host retinal axons through the graft was also con®rmed by
anterograde DiI tracing. To maximize the chances to antero-of axons originating exclusively from grafts was shown by
grafting E3 retinal transplants into the dorsal area of E2.5 gradely label axons going through the grafts several DiI crys-
tal were placed onto the periphery of the host retina (Fig.host eyes. DiI labeling showed that while numerous axons
exited the graft into the host, no axons from the peripheral 3a). The DiI labeling showed that numerous axons from the
host retina entered and exited the grafts (Figs. 3b and 3c).host retina had entered the transplant (Fig. 2b). Silver stain-
ing of the grafts suggested that host axons were also able Once the axons exited the grafts they grew right to the optic
disc of the host (Fig. 3c).to pass through the grafts (Fig. 2c). Retrograde tracing of
the host retina proximal to the graft, as shown in Fig. 2d,
backlabeled ganglion cells and their axons within and distal
Permissive vs Nonpermissive Layers of the Retinalto the transplant, thus demonstrating that axons that exit
Neuroepitheliuman E3 retinal transplant may have either originated from
ganglion cells within the graft, or originated from ganglion Previous studies suggested that the environment of the
presumptive optic ®ber layer at the vitreal retinal surfacecells of the host retina distal to the graft. The passage of
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FIG. 2. DiI-labeled retinal whole mounts shows the trajectory of DiI-labeled axons that enter and exit E3 retinal transplants (T) after 30
hr in culture (a, b). The outlines of the grafts are indicated by stippled lines. When the graft was placed into the center region of an E3
host (a), axons entered the transplant over a large section of its peripheral perimeter. Axons exited the transplant at only a small central
section and grew straight toward the host optic disc (OD; arrow). The DiI labeling also shows the existence of ganglion cells (arrowhead)
in the host retina that grew axons to the host optic disc and from there, in a direction peripheral to the graft. When the E3 retinal graft
was placed into the dorsal location of the E2.5 host retina (b), no axons entered the graft, whereas numerous axons exited the graft and
grew toward the optic disc of the host. (c) and (d) show E3 retinal grafts and their surroundings in an E3 host retina. Silver staining shows
the trajectory of all axons within and around the graft (c). Axons can be traced into and out of the graft. Some axon fascicles run straight
through the graft. In (d), the host retina proximal to the graft was labeled with DiI. Axons and their ganglion cells can be traced within
and distal to the graft. The transplant had been grafted with a rotation of 457 relative to the host optic disc and shows that axons, as they
exit the graft, turn into the direction of the host optic disc. The direction to the host optic disc is indicated by arrowheads. Bar, 100 mm.
is crucial for the growth and path®nding of axons to the tories of optic axons passing through grafts that were trans-
planted with either normal or inverted vitreal±ventricularoptic disc (Goldberg, 1977). To study the importance of tis-
sue polarity for optic axon growth and navigation the trajec- polarity were compared. DiI labeling of whole mounts
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TABLE 2
The Frequency of Axons Entering (A) and Exiting (B) Different Types of Transplants in E3 Chick Eyes Hosts as Detected by DiI
Labeling of the Grafts
A B
No. of cases No. of cases Total
Axon count 0 1±10 10±20 20 / 0
Retina centr. 1 2 5 17 22 3 25
Retina periph. 3 4 1 0 4 4 8
E2 retinal centr. 4 3 0 0 2 5 7
Optic disc 0 0 0 8 6 2 8
Floorplate 0 4 2 1 6 1 7
Optic tectum 0 2 2 13 4 13 17
Forebrain 2 11 3 3 6 13 19
Note. In (A), the specimens were categorized into four groups according to the number of axons that entered the transplant. (0) no axons
entered the graft; (1±10) between 1 and 10 axons entered; (10±20) between 10 and 20 axons entered; and (20) over 20 axons entered the
grafts. For each type of grafting experiment, the number of cases in each group is listed. In (B), the number of specimens with axons
exiting (/) or without axons exiting (0) a given type of graft is listed. The total of experimental cases is listed in the right panel. The
types of transplants are: Retina centr, E3 central retina into E3 host retina. Retina periph, E3 peripheral retina into E3 host. E2 retina
centr, E2 central retina into E3 host. Optic disc, E3 retinal optic disc into E3 host. Floor plate, E3 spinal cord ¯oorplate into E3 host.
Optic tectum, E4 and E7 central optic tectum into E3 host. Forebrain, E4 forebrain into E3 host.
showed that the principle trajectories of axons into and out vitreal retinal surface provides a preferred axonal growth
environment.of transplants grafted with either normal (n 15) or inverted
(n  10) vitreal±ventricular orientation were indistinguish- The inversion of the graft was con®rmed by staining of
cross sections with either basal lamina-speci®c antibodyable (compare Figs. 2a and 3d). Moreover, eyeball measure-
ment suggested that the number of axons entering inverted markers that label the inner limiting membrane at the vi-
treal surface of the retina (Fig. 4e), or by staining with agrafts was at least equal to or even greater than the number
of axons entering a graft with normal vitreal±ventricular MAb that labels the ventricular surface of the retina (Figs.
4f and 4g). Using these antibody markers, it was found thatorientation.
Cross sections through the transplants showed how the the inverted retinal grafts retain their original basal lamina
and obtain a new inner limiting membrane over the previ-axons grew through normal and inversely grafted trans-
plants. In normally oriented grafts, as shown in Figs. 1e, 1f, ous ventricular surface (Fig. 4e). The antigen for the ventric-
ular surface was retained at its former site after the graftand 4d, the wound contraction around the graft caused a
considerable quantity of axons to form a neuroma at the rotation (Fig. 4g). Further, the location of mitotic ®gures at
the ventricular surface and the inner and outer plexiformventricular retinal surface between the host and graft tissue.
Since the ventricular surface of the retina is nonpermissive layers of inverted grafts from E8 donor retinae remain at
their former sites (not shown). The present data stronglyfor neurite extension, the axons at the ventricular retinal
surface were unable to advance and thus could not traverse suggest that the principal vitreal±ventricular polarity of the
retinal neuroepithelium is not changed during the 30 hr inthe grafts (n  25; Figs. 1e, 1f, and 4d). When the retinal
transplants were grafted with inverse vitreal±ventricular vitro after graft inversion.
orientation, i.e., the vitreal surface of the grafts facing the
ventricular side of the host (n  20), a small number of
Is There a Temporal Restriction for Axon Growthaxons entered and exited the graft along the former ventric-
in the Retina?ular surface of the graft (Figs. 4a±4c). The majority of axons,
however, entered and exited the inverted transplants by To study a possible temporal restriction for the permis-
siveness of axonal growth, transplants from different stagesswitching from the host optic ®ber layer to the optic ®ber
layer in the graft and vice versa. The heavy neuro®lament of retinal development were transplanted into E3 host eyes.
The early retinal neuroepithelium is nonpermissive forstaining between graft and host retina suggested that a
greater number of optic axons were able to enter and exit an neurite outgrowth. To investigate how axons react to reti-
nal tissue from stages prior to axogenesis, i.e., from theinverted graft as compared to normally oriented transplants
(Figs. 4a±4c, and 7e). Thus, the grafting of inverted trans- central portion of an E2 retina or the peripheral portion of
an E3 retina, E2 and E3 retinal transplants were grafted intoplants provides a means to improve the chances for axons
to enter and exit a retinal transplant and shows that the the central part of E3 hosts. Cross sections through the graft
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FIG. 3. Fluorescent micrographs of retinal whole mounts showing the trajectory of axons growing into and out of retinal transplants (T)
after anterograde (a±c) and bidirectional (d) labeling with DiI. The E3 eyes had been cultured with the E3 retinal transplants for 30 hr.
The outlines of the grafts are indicated by stippled lines. To cover a larger segment of the peripheral retina and to improve the chances
to anterogradely trace axons through the grafts, several DiI crystals were placed onto the retina (a). High-power views of transplants show
that host axons entered the graft at its dorsal perimeter, passed through the grafts, and exited toward the host optic disc (arrows in b and
c). When the grafts were ¯ipped and grafted with inverse vitreal±ventricular polarity, axons were able to enter and exits these grafts (d).
The number and the trajectory of axons through these grafts are indistinguishable from the number and trajectory of axons passing through
graft with normal vitreal±ventricular orientation (compare with Fig. 2a). Bars: (a) 200 mm; (b±d) 100 mm.
sites showed that host axons were unable to enter grafts plants with DiI. In only three of eight cases were a few
axons (between 1 and 10) from the transplants able to exitfrom the E2 central retina (n  7). This was also true when
the grafts were grafted with inverse vitreal±ventricular ori- into the host retina (not shown).
Axon growth into older retinal tissue. To test whetherentation, which improves, as shown above, the chances of
axons to enter and exit retinal grafts (Figs. 5a and 5d). Like- retinal tissue from stages beyond axogenesis is permissive
for neurite outgrowth, E10 chick retinal grafts were trans-wise, host axons were unable to enter grafts from the E3
peripheral retina (Figs. 5b and 5e; n 6). When E4 peripheral planted into E3 hosts (n  10). After culture, the grafts were
labeled with DiI to detect host axons that entered and exitedretinal was grafted, axons entered the grafts (Fig. 5c; n  6),
showing that the nonpermissive quality of the early neuro- the transplant. Since by E8 axogenesis in the chick retina
has come to a halt, all axons exiting an E10 retinal trans-epithelium is transient.
To obtain a quantitative view, the axons that entered and plant must have originated from the host and passed
through the transplant. In all cultured eyes with E10 grafts,exited the grafts were counted after DiI labeling of the grafts.
The tracer studies showed that in the majority of cases, DiI-labeled axons entered and exited the transplants toward
the host optic disc, demonstrating that host axons were ablevery few axons were able to enter an E2 central (n  7) or
an E3 peripheral retinal graft (n  8), and few if any axons to use the transplant as a conduit to the optic disc (not
shown).exited these grafts (Table 2, Fig. 6). The inhibitory quality
of the early E2 retinal neuroepithelium was also con®rmed An alternative technique to demonstrate the growth of
axons into older transplants is the grafting of tissue fromby grafting E5 retina into E2 hosts and labeling the trans-
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FIG. 4. Cross sections through E3 quail eyes with E3 chick retinal transplants (T) stained with an anti-neuro®lament MAb. The grafts in (a±c)
were ¯ipped and transplanted with their ventricular surface (arrowheads) facing the vitreous body of the host. A high-power view of the transplant
site of (b) is shown in (c). For comparison, a high-power view of a graft transplanted with correct vitreal/ventricular orientation is shown in (d).
Note that with a normally oriented graft, a considerable number of axons are de¯ected toward the ventricular surface between the graft and the
host retina (arrows in d). When the retinal transplants were grafted with inverse vitreal/ventricular orientation (a±c), few axons grew along the
former ventricular surface of the graft (arrowheads), whereas the majority of the axons switched from the inner surface of the host retina to the
outer surface of the graft retina and back. The strong neuro®lament staining between graft and host tissue also suggests that a greater number
of axons were able to enter and exit inverted grafts (a±c) as compared to normally oriented grafts (d). The staining of inverted grafts with MAbs
speci®c to laminin (e) shows that the original basal lamina is retained after graft inversion and a new basal lamina is established over the former
ventricular surface of the graft. Staining of an inverted graft (g) with a Mab that speci®cally labels the ventricular surface of the chick retina, as
shown in a control retina (f), shows that this ventricular marker is retained after graft inversion. The MAb is speci®c for chick tissue and does
not stain the quail retina host. R, host retina; L, lens; OD, optic disc. Bar: (a, b, e, f) 200 mm; (c, d, g) 100 mm.
another species and staining the host axons with host tis- sive for axonal growth. Employing an anti-neuro®lament
MAb that recognizes axons from the avian hosts but notsue-speci®c antibodies. Using chick/mouse chimeric eyes,
it was con®rmed that older retinal tissue remains permis- from the mouse transplant, it was found that avian optic
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FIG. 5. Cross sections through E3 chick eyes with grafts from E2 central retina (a, d), E3 peripheral retina (b, e), and E4 peripheral retina (c)
stained with an anti-neuro®lament MAb. The grafts were transplanted with inverse vitreal±ventricular polarity to maximize the chances that
axons will grow into the graft. High-power views of the grafts sites (d, e) con®rmed that no or very few axons were able to grow from the host
into the E2 (a, d) and the E3 peripheral grafts (b, e). Host axons accumulated as neuromas at the border to the transplants (arrowheads in d and
e). In contrast, the E4 peripheral graft was invaded by host retinal axons (c). A cross section through the E3 eye (f) that provided the graft in
(b, e) shows the peripheral origin of the transplant (arrow). T, transplant; L, lens. Bar: (a, b, c, f) 200 mm; (d, e) 100 mm.
axons were able to grow into mouse retina grafts from all Some of the neonatal mouse grafts were labeled with DiI.
The results showed that the trajectories of axons entering andages, including E15 (n  15; Fig. 7a), neonatal (n  20; Fig.
7b), and adult retina (n  10; Fig. 7c). Identical to chick exiting the mouse grafts (n 6) were identical to the trajector-
ies of axons growing into and out of avian-derived retinal grafts.retinal transplants (see above), the number of host axons
entering the neonatal mouse grafts was greater when the However, fewer axons entered and exited the mouse trans-
plants than chick or quail transplants (not shown).retinal transplants were ¯ipped and grafted with inverse
ventricular/vitreal orientation (n  10) rather than grafted
Rotation of the Retinal Graftwith normal orientation (n  10; compare Figs. 7d and 7e).
Staining of the cross sections with the mouse-speci®c M6 To detect how axons responded when their former periph-
eral±central orientation to the optic disc had been changed,MAb was employed to locate the mouse grafts (Fig. 7f).
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FIG. 6. Camera lucida drawings and a ¯uorescent micrograph of E3 retinal whole mounts with transplants (T) from the E2 central (a)
and the E3 dorsoperipheral retina (b, c) after 30 hr in vitro. The grafts had been labeled with DiI after culture. The type of grafting is
shown as diagrams on the left (a, b), a whole mount from an actual sample is shown in the right panel (c). Very few axons were able to
enter grafts from the E2 or E3 peripheral retina, indicating that the early retinal neuroepithelium does not support neurite growth. GC,
ganglion cell. Bar: (a, b) 1 mm; (c) 50 mm.
E3 central retinal grafts were grafted into E3 hosts after rota- turned at a right angle when growing through grafts that
were transplanted with a 907 rotation (Fig. 9a), but theytion by 07, 907, and 1807 relative to the host optic disc. Inser-
tion of the graft with the original peripheral±central orienta- headed straight through grafts that were transplanted with
either a 07 or 1807 rotation (Fig. 9b).tion (n 8) or with a 1807 rotation (Fig. 8a; n 6) consistently
showed a straight trajectory of axons through the transplant Silver staining con®rmed the axon trajectories shown by
DiI tracing. As shown in Fig. 9c, a transplant that wastoward the host optic disc. This was also true when the
grafts were transplanted heterotopically, i.e., a graft from the grafted after rotation by 907 showed an axonal pattern that
was perpendicular to the axon pattern of the host. A sum-central retina into the nasal or temporal area of the E3 host,
but with the correct peripheral±central orientation (n  8; mary diagram illustrating the axon trajectories after retinal
graft rotation is shown in Fig. 10.not shown). Orthotopic grafting of retinal transplants that
were rotated by 907 (Figs. 8b±8d; n  32) resulted in a dis-
torted axonal pathway through the grafts. Most of the axons
Transplants Containing an Optic Discentered and exited the graft at the lateral sides of the trans-
plant. Further, in 22 of the 32 cases, axons that entered the To determine the function of the optic disc for axonal
guidance retinal transplants were grafted into E3 hostsgraft exited the graft after turning within the graft and follow-
ing the former centroperipheral orientation of the transplant. whose optic disc had been removed. DiI tracing showed that
the axons that exited the grafts headed toward the siteWhen the labeled ®bers exited the graft they followed the
orientation of axons of the host, i.e., headed toward the host where the host optic disc had been located. Thus, the re-
moval of the host optic disc had no effect on the trajectoryoptic disc. In four experimental cases, no axons entered and
exited the graft, and in six cases a large number of axons ran of axons from the transplant (Fig. 11a). Further, retinal grafts
that included an optic disc were transplanted into the dorsalstraight through the grafts. Anterograde DiI labeling con-
®rmed that host axons traversed through the transplants ac- portion of the E3 host retina. DiI tracing was utilized to
detect whether or not the grafted optic disc had a neuro-cording to the previous orientation of the grafts: the axons
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FIG. 7. Cross sections through E3 chick eyes with mouse retinal grafts cultured for 30 hr. The grafts were from E15 (a), neonatal (b),
and adult mouse retina (c). The sections were stained with an avian-speci®c anti-neuro®lament MAb. The border of the transplant in (c)
is indicated by arrowheads. In all cases, host axons had grown into the transplants (T). When the transplants were ¯ipped and grafted
with inverse vitreal/ventricular orientation, a greater number of axons grew into the transplants (b, e) compared to grafts with normal
orientation (a, c, d). A section adjacent to (e) was stained with the mouse-speci®c M6 MAb to show the localization of the mouse graft
(f). L, lens. Bar: (a±c) 200 mm; (d±f) 100 mm.
tropic effect for the host axons (n  13). Host axons entered controls (Fig. 11b and Table 2). Cross sections through optic
disc transplants showed that host axons that encounteredand exited the grafts with the extra optic disc like any other
retinal graft and the principal arrangement of axons was the grafted optic disc exited the optic ®ber layer to the
ventricular surface (Figs. 11c and 11d). When the optic discunchanged compared to controls (not shown). In 8 of the 13
retinae with grafted optic discs, the host optic disc had been transplant was grafted with inverse vitreal±ventricular ori-
entation, the axons exited the retina to the vitreal surfaceremoved, thus, the eyes had only the grafted optic disc as
a possible axon exit. Even after the removal of the host optic rather than the ventricular surface (Fig. 11f). The results
strongly suggest that a grafted optic disc provides a localdisc, the trajectory of axons was unchanged compared to
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FIG. 8. Fluorescent micrographs of retina whole mounts showing the trajectory of DiI-labeled axons into and out of retinal grafts that
were transplanted after rotation by 1807 (a) and 907 (b±d). The grafts were from the dorsocentral area of E3 retinae and grafted into the
dorsocentral area of E3 hosts. The eyes with the grafts were cultured for 30 hr. When grafts were transplanted with a 1807 rotation (a),
axons grew straight through the transplant toward the host optic discs. When the grafts were transplanted with a 907 rotation, host optic
axons entered the grafts mostly from their lateral sides and changed direction within the graft following the previous orientation of the
transplant. The axons exited the grafts predominantly at the lateral sides, and, after exiting the graft, grew straight to the host optic disc.
In most cases, the axons exited at the side of the graft that previously faced the optic disc (b, c); however, axons were able to exit at the
previously peripheral side of the transplant (d). The outline of the grafts is indicated by stippled lines. The previous optic disc orientations
of the grafts are indicated by the arrowheads. Bar: 100 mm.
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FIG. 9. Anterograde DiI labeling (a, b) con®rmed that host retinal axons that entered retinal grafts follow the previous orientation of the
grafts. The E3 eyes with the E3 grafts were cultured for 30 hr. When the transplants had been rotated by 907, the axons entering the grafts
grew perpendicularly to their previous orientation (a). When the grafts were grafted with a 1807 rotation, the host axons grew straight
through the transplants (b). The grafts depicted in (a) and (b) and the position of the DiI labeling sites are shown in the diagrams at the
right. The direction toward the optic disc is indicated by the arrows. (c) is a retinal whole mount with a retinal transplant showing the
overall axonal pattern after 30 hr in vitro. The host retina was from an E3 eye, the graft (arrow) was from another E3 retina and grafted
with a 907 rotation. The optic axons of the host retina are directed toward the optic disc (OD), whereas the axons in the transplant are
oriented perpendicular to the host optic axons. Bar: (a, b) 100 mm; (c) 200 mm.
exit for axons out of the retina, but has no neurotropic guidance cues for growing commissural axons in the spinal
cord. To ®nd out whether chemotropic factors similar toactivity for distant optic axons.
those in spinal cord are involved in the guidance of optic
Floor Plate Transplants axons in the retina, ¯oor plates from the E3 spinal cord
Recent reports (Placzek et al., 1990; Kennedy et al., 1994) were grafted into the E3 host retinae. DiI tracing studies
showed that only a moderate number of axons entered thesesuggested that factors secreted by the ¯oor plate provide
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FIG. 10. Camera lucida drawings of retinal whole mounts summarizing the axon trajectories into and out of E3 retinal transplants that
were rotated by 07, 1807, and 907. The type of grafting is shown as a diagram on the left, a whole mount and the axon trajectory from an
actual sample, as shown by DiI backlabeling, is shown at the right of each panel. The grafts were transplanted with the correct peripheral-
central orientation (07, a), heterotopically but with correct peripheral±central orientation (07, b), with a rotation by 1807 (c), and with a
rotation of 907 (d). The host optic discs are indicated by arrowheads. Bar, 1 mm.
grafts, and axons were able to exit the grafts, suggesting 12e and 12f, Table 2). But similar to tectal grafts, few if any
axons exited the forebrain grafts into the host.that the ¯oor plate has no neurotropic activity for optic
axons in the retina (Figs. 12a and 12b, Table 2). The presence
or absence of the host optic disc made no difference in the
outcome of the experiments. Recent reports showed that DISCUSSION
the ¯oorplate-derived neurotropic netrins may also have an
inhibitory activity for certain types of neurites (Colamarino
Optic Axon Growth into Intraretinal Transplantsand Tessier-Lavigne, 1995; Tamada et al., 1995). The pres-
in Vitroence of optic axons in ¯oor plate grafts and silver staining
of retinal whole mounts with ¯oor plate grafts showing Previous studies have shown that transplantation of CNS
no obvious distortion of the optic ®ber layer (not shown) tissue into organ cultured chick or quail eyes leads to a
indicate that ¯oorplate-derived factors have no inhibitory rapid and complete integration of the grafts into the host
activity for optic axons. retina (Halfter, 1993). The present study shows that host
optic axons are able to grow into retinal and brain trans-
plants, and ganglion cell axons from retinal grafts are ableOptic Tectum and Forebrain Grafts
to exit into the host. Evidence for the growth of optic axons
into and out of the transplants came from immunocyto-To investigate whether the ®nal target of retinal axons in
the brain, the optic tectum, had an in¯uence on the navigation chemical studies of mouse grafts stained with avian-speci®c
antibodies and from DiI tracings showing the presence ofof optic axons E4 and E7 tectal transplants were grafted into
E3 hosts. A large number of host axons entered the tectal host axons in the graft and graft axons in the host retina.
Further, the DiI labeling experiments showed that axonsgrafts; however, only very few if any axons were able to exit
the grafts (Figs. 12c and 12d, Table 2). Further, the number of that exit the retinal transplants during culture can originate
from ganglion cells of the graft or from ganglion cells of thehost axons that entered the graft from a central region of the
host was greater than with any other type of graft. To deter- host distal to the graft.
Con®rming previous observations (Halfter, 1993), themine whether this trajectory is a speci®c response to optic
tectum grafts, pieces of dorsocentral E4 forebrain were grafted wound contraction that mediates the integration of the trans-
plants into the host led to a deviation of a portion of the axonsinto the E3 host as well. In contrast to tectal grafts, only a
moderate number of axons entered these forebrain grafts (Figs. from the optic ®ber layer toward the ventricular surface of
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FIG. 11. Camera lucida drawings of retinal whole mounts (a, b) and ¯uorescent micrographs of cross sections through cultured eyes (c±f)
showing the effect of optic disc removal and optic disc grafting on the trajectory of optic axons. The E3 eyes were cultured for 30 hr. The type
of grafting is shown as diagrams on the left, whole mounts and the axon trajectories from actual samples, as shown by DiI backlabeling, are
shown at the right in (a) and (b). In both samples, the host optic disc had been removed prior to culture. In (a), the centrodorsal part of an E3
retina had been grafted, in (b), the optic disc of another E3 retina had been grafted. Note that the trajectory of axons into and from both types
of transplants (T) were not signi®cantly different, indicating that the navigation of growing optic axons is not differently affected by a grafted
optic disc as compared to a graft from retinal tissue. Cross sections through eyes with optic disc transplants (T) are shown in (c±d). The sections
were stained with an anti-neuro®lament MAb. Axons entering the grafted optic disc exited the optic ®ber layer toward the ventricular surface
of the retina (c, d, high-power view). A phase-contrast view of the grafted optic disc graft (e) shows the borders of the graft to the host (dashed
lines). In (f), the optic disc was grafted with inverse vitreal±ventricular orientation, which resulted in the exit of optic axons into the vitreous
body (arrowhead) rather than the ventricular side of the retina (compare with c, d). The optic discs of the host retinas are located ventral to
the grafted optic discs. A small segment of a host optic disc (OD) is seen in f (arrow). L, lens. Bar: (a, b) 1 mm; (c, f) 200 mm; (d, e) 100 mm.
the retina. The de¯ected neurites, once they had left the optic inversion of the grafts, the transplantation of inverted grafts
is a means to increase the chances for axons to exit and enter®ber layer, were unable to advance any further and formed a
neuroma between graft and host tissue. The nonpermis- a retinal transplant. The trajectory of axons into and out of
inverted grafts also demonstrates the restriction of axonalsiveness of the ventricular surface of the retina for neurite
outgrowth is most likely the reason for the formation of the growth to the vitreal surface of the retina and supports the
previous notion that the presumptive optic ®ber layer is theneuromas. When the retinal transplants were ¯ipped and
grafted with inverse vitreal±ventricular orientation into the only layer of the retinal neuroepithelium that supports neurite
outgrowth (Goldberg, 1977; Easter et al., 1984; Halfter et al.,host retina, the de¯ected axons came to lie right next to the
optic ®ber of the graft and were able to grow into the graft. 1987; Stier and Schlossauer, 1995). An explanation for the
preference of growing axons to the vitreal surface of the retinaWhile axonal growth into and out of the graft does not require
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Diffusible vs Nondiffusible Cues in the Embryonic
Retina
To determine the importance of the previous orientation of
the graft for axonal navigation, retinal grafts were rotated by
different angles in their peripheral±central orientation and
orthotopically transplanted into the host eyes. The fact that
the axon trajectory through grafts that were transplanted in
their original peripheral±central orientation or were rotated
by 1807 was straight, but was distorted through transplants
that were grafted with a 907 rotation indicates that the retinal
tissue has a preferred axonal growth orientation. This growth
orientation runs radially toward and away from the optic disc,
and axons are unlikely to grow perpendicular to this direction.
In agreement with previous investigations (Halfter and Deiss,
1984; 1986), the peripheral±central pathways have no direc-
tionality, as axons were able to grow along these pathways in
central and peripheral directions.
Further, when the grafts were rotated by 907, the axons
entering the transplant followed, in the majority of cases,
the previous orientation of the graft. When axons exited the
rotated grafts they changed direction again, following the
orientation of the host tissue. These results show that the
local environment rather than long distance cues provides
the dominant guiding factors for optic axons in the retina
and are consistent with results from previous graft rotation
experiments in the frog visual system, where graft rotation
resulted in a distortion of the axonal pathway in the dien-
cephalon and also indicated local rather than long distance
cues for optic axon guidance (Harris, 1989). Candidates for
local axonal guidance cues are the structural arrangement
of the neuroepithelial endfeet (Silver and Sidman, 1980;
Krayanek and Goldberg, 1981) and (or) local chemical cues
on the surface of the neuroepithelial cells. Since the E3
retina, which was used in most of the grafting experiments,
FIG. 12. Camera lucida drawings showing the trajectories of axons already has a rudimentary optic ®ber layer with axons ex-
that entered and exited different types nonretinal transplants (T) as tending up to the optic disc (Halfter et al., 1985), the preex-
shown by DiI labeling. The grafts were transplanted into E3 eyes and isting retinal axons in graft and host may also account for
cultured for 30 hr. The grafts were from E3 spinal cord ¯oorplate (a, local guidance cues.
b), E4 (c) and E7 (d) centrodorsal optic tectum, and E4 centrodorsal The prominent role of the local environment in axonal guid-
forebrain (e, f). Few axons grew into the ¯oor plate transplant, and ance suggests that chemotropic factors from the optic disc, as
in all cases about the same number of axons exited the ¯oor plate
suggested by Ramon y Cajal (1892), are of minor or no impor-transplants (a, b). Transplantation of tectal tissue resulted in many
tance for the guidance of retinal axons (Harris, 1989). Consis-axons entering the graft. Very few if any axons exited the grafts (c,
tent with this conclusion is the ®nding that the optic disc isd). Likewise, few axons were able to leave a forebrain graft (e, f).
not necessary for centrally directed optic axon growth, sinceHowever, the number of axons that grew into the forebrain grafts was
smaller than with tectal grafts. The location of the host optic disc is removal of the host optic disc or the grafting of an additional
indicated by arrowheads. Bar: 300 mm. optic disc in a host retina had no obvious effect on the global
navigation of retinal axons. Further, the transplantation of the
¯oorplate had no effect on the navigation of optic axons in
the retina, indicating that the neurotropic netrins that regulatecould be the abundance of extracellular space (Silver and Sid-
axonal guidance for commissural axons in the spinal cord byman, 1980; Krayanek and Goldberg, 1981), the presence of
a chemotactic mechanism (Placzek et al., 1990; Kennedy etneurite outgrowth promoting molecules, such as NCAM (Sil-
al., 1994) are not operating as dominant guidance cues in thever and Rutishauser, 1984) or laminin (Cohen et al., 1987;
retina. The quantitative evaluation of axon growth into andHalfter and Fua, 1987; McLoon et al., 1988; Liesi and Silver,
from the graft con®rmed the results from the analysis of the1989), or the nonpermissiveness of all other cell layers of the
retina (Stier and Schlossauer, 1995). axon trajectories. Assuming that grafts of chemotactically ac-
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tive tissues would attract many host axons and prevent their tial to repel growing axons in vitro (Fan and Raper, 1995;
Pueschel et al., 1995; Messersmith et al., 1995).exit, neither the optic disc nor the ¯oorplate exerts a chemo-
tropic activity for retinal axons. The presence of a potential The inhibitory quality of early retinal neuroepithelium
is in contrast to results from transplantation experimentsneurotropic factor in the retina cannot, however, be entirely
ruled out. It may still be possible that a preexisting or transient in the frog, where the grafting of more mature eyes into
earlier embryos with axonless brains resulted in the preco-substrate gradient has been laid down during or shortly after
optic cup formation which has not been detected in the graft- cious growth of retinal axons to the tectum (Cornel and
Holt, 1992), indicating that axon growth is possible in theing experiments.
Of all the transplanted tissues assayed in this study only early frog neuroepithelium. Since optic axons can grow and
regenerate even in adult frogs, a species-related differencegrafts from the optic tectum showed a possible neurotropic
effect for retinal axons. A great number of host axons entered in the tissue environment may explain the different results
from the present experiments and the experiments in thetectal grafts, even from areas central to the transplants. Fur-
ther, very few axons were able to exit the grafts, suggesting frog embryo.
The abundant growth of axons in the embryonic centralthat tectal tissue has the ability to stop or down-regulate the
rapid extension of optic axons. This assumption is consistent nervous system but not in the adult CNS might suggest
that the CNS environment in the adult has become non-with results from time-lapse recordings of optic axons in Xen-
opus embryos (Harris et al., 1987). It is conceivable that the permissive for neurite outgrowth. The present experi-
ment shows that this is not true for all CNS tissue. Thereduction of the growth rate of axons in the target tissue is a
®rst step in initiating terminal branching and synaptogenesis. grafting experiments using neonatal and adult mouse reti-
nal transplants show that once the retina has become per-The abundance of tenascin, a potential inhibitor of axon
growth in the stratum opticum of the tectum, but not in other missive for neurite extension it retains this capability at
later stages of development. This ®nding is in agreementsegments of the optic pathway, is consistent with this idea
(Perez and Halfter, 1993). with studies showing that optic axons can regenerate
within the retina (Goldberg and Frank, 1981; Allcut et
al., 1984).
Nonpermissive Factors in Retinal Axon Guidance
The scarcity of axon ingrowth into grafts from the E2 or
SUMMARYthe E3 peripheral retina suggests that the early retinal neuro-
epithelium from stages prior to axogenesis does not support
The present intraretinal grafting studies show that localneurite extension. The nonpermissive quality of the early neu-
rather than long-distance cues are crucial for axon guidanceroepithelium was transient and receded peripherally as the
in the retina. A directional cue that guides axons to theretina matured, providing a directional cue that allows axonal
centrally located optic disc could be mediated by the inhibi-growth only in central direction not in the peripheral direc-
tory quality of the retinal periphery. Whether this nonper-tion. Previous investigations had already suggested that the
missive quality of the early neuroepithelium is due to theguidance of optic axons in the retina could be a response to
presence of a neurite outgrowth inhibitor or to the absencea neurite outgrowth inhibitor in the retinal periphery. Immu-
of a neurite outgrowth promoting component remains tonocytochemical studies have demonstrated the existence of a
be determined. Further, retinal tissue provides a preferredperipherally located chondroitin sulfate proteoglycan (CSPG)
growth direction for axon growth that runs radially fromin the developing rat retina. Further, enzymatic digestion of
the optic disc to the periphery of the tissue.the glycosaminoglycan chains of the CSPG led to random
growth of axons in organ-cultured embryonic rat eyes (Snow
et al., 1991; Brittis et al., 1992). A neurite outgrowth inhibitory
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